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MATERIALS NERDUS FOR COMPACT FUSION REACTORS
Robert A. KRAKOWSKI
Los Alamos Nartional Laboratory, Los Alamos, New Maxico, 87545

The economic prospects for magnetic fusion energy can be dramatically improved if for ihe same
total powei output the fusion neutron first-wall (FW) loading and the systam power density can be
increasaed by factors of 3-5 and 10-30, respectively. A nuamber of '“compact" fusion reactor
embodiments have been proposed, all of which would operate with increased FW loadings, would uase
thin (0.5-0.6 =) blankets, and would confine quari-steady-state plasma with resistive, water-
cooled copper or aluminua coils. Increased system power density (5-15 Mwt/m3 versus J.3-0.5
MW/m?), considerably reduced physical size of the fusion power core (FPC), aud appreciably
reduced economic leverage exserted by the FPC and associated physics result. The unique materials
requirements anticipated for these compact reactors are outlined againet the well documanted
backdrop provided by similar needs for the wmainline approaches. Surprisingly, no single
msterisls need that is nnique to the compsct systems is identified; crucisl uncertainties for the
compact approsches must also be addressed by the mainline approaches, particularly for in-vacuum
components (FWs, limiters, divertors, etc.).

1. INTRODUCTION difficult materials choices, an  aexpanded
Both the technical and commercisl success materials data base, conaiderably more design
of wagnetic fusion depend on advances 1in detail, and improved artimates of major mub-
enginesring materisls operating in an system performance. Even at the conceptual
environment of highly non-uniform surface and design level, however, the list ,f wmsterials
volumetric power densities. These heat loads performance requiremsnts presents a major
will be applied under conditions where the challenge for the INTOR/DEMO/COMMERCIA®,
basiz engineering material properties of development  saquence. The wmore compact,
stressed components are being dramatically higher-power-density fusinn approaches propose
altered by an intense neutron/gramme- saaller fusion power cores (FPC, 1.e., first-
ray/charged-particle irrudiation fiald. The wall/blanket/shield/coils) operating with in-
interdependence  between plasma physics/ cressed puver density and FW neutron wnd
englnaaring, reactor desigo, and materials heating loads. The degree to which materials
wcience/enginesring deeded to achieve performance requirements are altered by the
economic, commercially attractive fuasion power needs of these coapact fusion resctors is ad-
has baen highlighted by a nunber of excellent dressed qualitatively herein. The rationale,
over:iev papers dealing with [Iirst walls! pathway, and generic technology required for
(FW), blankets? (B3), wmaterials needs for the cospact reactors have been describad
specific devices,¥“ and the worldwida recently. 8
materials programs addrassing thase nesds. ¥ ® After summarieing the reasons for con-
Nygren? pointe out that rhese materials sidering systems with wmaterial requi:ements
needs have baen identified primarily dy con- that in some cases may exceed those pr.jected
ceptual design studies, with the more exacting in Refs. 1-4, the ganeric ne.ds of compact

“designs to coustruct" eventually requiring devices are described. Specific compact



reactor designs have been ouggeltede for the
Reversed-field Pinch (RFP), the Ohmically~-
Heated Toroidal Experiment (OHTE, an RFP with
auxiliary helical windings), and the high-
field tokamak. Other candidates for compact
reactors have slso been identified.® 9

Although the wuatericls d4essues and needs
addres3ed herein are generic, apecific
quantitstive examples are referred to con—
ceptual design results emerging for the
compact RFP reactor (CRFPR).10 Siailarly,
comparisons with the mainline development
sequence are msde with the STARFIRE!! and
Culham Mk11B!? tokamak reactor designs.

2., COMPACT FUSION REACTORS
The dominsnce in wass and coet of the FPC
for wmcst approaches to mrgnetic fusion’ has
creuted interest in wmore compact, higher-
power—density systems. The following improved
characteristice are being pursued through the
compact reactor option.
® FPC wmass and volime comparable to
alternative nuclear pover systemr (system
povwer  density uf 515 MWt/md, wmass
utilization of 0.3-0.5 tonne/MWt), which
are fac..'s of 10~30 times better than
values being projected for wmost magnetic
fusion schemes,
® Reduced eensitivity of unit direct cost
(UDC, §/kMa) to tle cost of the reactor
plant equipment (RPE/TDC € 0.3 rather than
0.5-0.8, where TDC 19 the total dir.ct
cost).
® Compotitive system coste and cout of
electricity (CUE, w®ille/kWeh) veing
realistic unir wmaterials costs, fabri-
cation/constyuction 2iwes, and developmant
schedules/costs.
® Rapid deployment of wsaall FPCs with the
potential for ‘"block" installation and
main enance (i.e., esingle or fev plece
FPC), using eystems relying on v minimum

extension »f technology (s.g., resistive
rather than superconducting coils, ohaic
beating rather than high-frequency rf
heating or neutral-beam injectica, etc.).
This prescription for sconomically
competitive fusion fs mnot without risks or
trade-offs; 7' ® potenrial for increased re-
circulating powar, reducud thermal conversion
efficiency, and reduced plant factor cculd
lead to reduced plant efficiency, increased
plant cost, and increased COE. Minimization
of theoe risks will depend on the availability
and use of materials aud material engineering
approachese that differ somevhat froms those
being suggested and pursued by the msrinline
programs. These differences are highlighted
herein.

Altnough heuristic a.guements can be wmade
to point the way towards improved system
scovomics through higher system power density
or lover FPC aass utilizstion, ultimstely de-
tailed parametric studies om specific concepts
must estatlish economically optimum, techno-
logically fessible systems.!® For the present
purposes, however, Fig. | continues with the
heuristic approach by displaying the system
power density versus the inverss of the FPC
mass utijigation;, lines of wunit slope un
Fig. | tive the average FPC mass denuity, Prpc
(tonne/m’). The system pover density for wost
of the "“supsrconducting" fusion syetess din-
played on Fig. ! are at least one order of
magnitude below other nuclesr pover systems.
In order to gain an order of wagulitude in-
crease {n thin dmporta . parameter, an in-
crease in F¥ neutron current by 3~5, wimul-
tanecusly with a decrecase by 2-3 4n FW
radive, B/8 thickness, and coil radius and
eize, 1s required.’ The former change makes
stainless stesl even less asttractive from the
heat-transfer viewpoint, whereas the reduced

B/6 thickness eliminates superconducting coile
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FIGURE 1

Comparison of system powar densities being
projected for conceptual fusion reactors with
a nunber of fission reactor systems. STARFIRE
tokamak (Ref. 11), Culham MKIIB tokamsk (Ref.
12), Superconducting Reversed-field Pinch
Reactor RFPR (Ref. 13), Modular Steliarator
Reactor MSR (Ref. 14), ELMO Bumpry Torus
Reactor EBTR (Ref. 15), Magnox Gaa-Cooled

Reactor (Ref. 16), Super Phenix Liquid-Metal
Fast-Breeder Fission Reactor SP (Ref. 17),
Advance Gas Reactor ACR (Ref. 18), Compact

Reversed-Field Pinch Reactor CRFPR (Ref. 10),
Ohmically-Heat Toroidal Experment Reactor OHTE

(Ref. 19), High-Field Tokamak Reactor,
Riggatron (Ref. 20), Pressurized-Water
fission Reactor PWR (Ref. 21), PWR Steam

Generator Su (Ref. 21).

aince neutron fluxes and
be kept

Hence, the
(CRFPR, OHTE,
copper-alloy colils

from consideration,
hesat deposition in the coild cannot
low in the space available.

comapact eystems that emerge

Riggatron) wuse resistive
with

generally provide only a

insulation aud
thin (0.5-0.6 m)
blanket between the FW and the high-radiation-
flux,

ceramic electrical

resistive coils. In certain instances,

FW (Riggatron) or near-FW (OHTE) actively-
driven coils may be necessary.
The compact systems depicted on Fig. |

would achieve DT ignition by Ohmic dissipation

of toroidal plasma currents. Inferred,

therefore, is some form of {inductive curreut

drive, at least for startup; each system in

principle is capable of burn extension by non-
inductive maans. For those compact reactors
with plasma confinement depending in part
(i.e., OHTE) or totally (i.e., Riggarron) on
strong toroidal fields, the magnet coils may
be highly stressed as well as presenting a
potentially serious drain on the overall plent
(1.e.,

power, reduced thermal

efficlency increased recirculating
recovery efficiency,
the high-heat-flux FWs and
other {n-vacuum component (IVC) suriaces, thin
blankets, and resistive
(CRFPR) or (OLTE,

Riggatron) resistive coils largely define the

etc.) Generally,

high-power~density
exo~blanket aear-FW
differences in paterials requirements between
the coapact and the other magnetic fusion
approaches.

Generally, two crucial questions must be
answered before the economic attractiveness of
compact approsches to fueion power can be
fully substantiated.
based

alternative, or a
be found that will

plasma of the

© can a plasma confinement scheme
either on a mainline,
combination thereof
stably confine required
power density while ziving some assurance
of long-puleed or
with & recirculating
< 0.15-0.207

® given the plasas physice inferrrd from the

steady~-state operation

power fraction

last issue, can all subclements of the FPC
(t.e., IVC, blanket/shield, coils) be made
to operate with an acceptable engineered
lifetime, bdoth in
(1.e.,

({.e., total amount

terms of real time

maintenance pariod) and fluence
of eaergy generasted

per mans of FPC consumed)?

The first 4issue 4is not within the scope of
this paper, but seacond-stabiliry-region
tohamaks, RFP/OHTEs, and spherosaks/field-
reversed configucations provide exciting

pr.ential on both theoretical and experimental



grounds. The second question of FPC lifetime
as summarized in Table I, 43 complex, and
centers on the wmaterials theme of this
overview. Four =ajor determ’nants of FP(
lifetize are identified in Table 1: 1 .ctor
operatirg conditions; FPC material properties;
component geometry and coustvaints; and design
and fatilure criteris. By applying eimilar
design and failure criteria to all fusion
approaches, and assuming negligible influence
of rate on the effects of radiation {n
changing saterials properties (i.e., & fluence
effect) the FPC lifetime issue becomes one of
reactor operations and component geometry.
Operating in the compact regime
significantly influences both reactor
operations and geomnetry (i.e., size). The
sajur change in reactor operating conditions
is the ({increased heat/particle fluxes, but
designing tc the same failure criteria ehould
eliminate these differences, albeit
potantially i a higher cost, The reactor
operational fluxibility afforded by smaller
FPCs, particularly with respect to the last
point in Table 1 1listed under component
geonetry, potentially can offser the edded
cost of designing for & more highly stresced
reaci'or operating condition in order to assure
that each unit wmass of FPC delivers the
econonically necessary amount of energy within
ite lifetime. Thia issue of total ("batch")
versu, partial ("patch") FPC wmairtenance,
although difficult to quantiry, 1s Dbest
depicted on Fig. 2, which compares & compact
r1eactor (the CRFPR, the OHTE reactor is of
similar size) with both a PWR and the STARFIRE
tokamak ruactor. In sunmary, therefore, the
key eloments of the FPC lifetime issue (Table
1) may either a) bs common to fusion in
pgeneral, or b) have n mutually self-concealing
fmpact [i{.q., more severs resctor operation in

o more favorsble reactor geometry (size)].

TABLE I. SUMMARY OF FPC L1FETIME DETERMINANTS 22

® Reactor Operating Conditions

-~ FW neutron loading

= Volumetric heating

— dJdamage rates (dpa/yr, He appm/yr,
B appu/yr, burnup)

Plasua energy rejection

— particle fluxes to IVC (DT, neutrals,
He, impurities)

=~ heat fluxes (conduction and radiation)

Duty cycle

Coolant (kind and temperature/pressure)

Material Properties

- thermal [heat capacity, comductivity,
sxpansivity)

- mechanical (Young’s modulus, ultimate and
yield stresses, uniform elongation, total
elongation, fracture toughness, creep,
fatigue, crack growth, swelling)

= eiectrical (conductivity)

- nuclear (alloying constituents, trans-
nutations, gas production, dpa, radio-
uct%v&:y, afterheat).

- surfaces (sputteripg, adsorption, gas
recycle, cl;ctron emission)

Component Geometry and Constraint

~ stress and temperature distributions

- component interactions/interplay

~ size and degree precheck/shakedown allowed,
QA, replacemnt/repair time

Design and Fallure Criteria

- elastic deformation and elastic instability

= plastic deformation and plastic instability
(incremental collapse/ratchetting)

-~ brittle fracture

- wtress rupture/crecp deformation

= high-ptrain/low-cycle fatigue and creep/
fatigue interscticn

- Atrees corrosion

- corrosion fatigue

- swalling and differential volume change

- undesirable chaiges in material properties

(embrirtlement, DBTT, slectrical resistivity).



FIGURE 2
Cross sectional comparison of a compact fu2fon
reactor design (CRFPR) with & fissicn resctor
pressure vessel (PWR) and the STARFIRE fokamak
reactor.

Although the scope of this overview does
not allow a comprehensive assesssent of the
"compact" versus "conventional” aystems, Table
11 nevertheless 41is included to give &
quantitative example of the physics,
engineering, and economic difterenzes between
two comprehcnsive tokamak reactor
designs11012:23 gnd & compact RFP resctor
design. ! Since the demands on enginee.ing
saterisls periorance are primarily genersted
by the thermal radistion and mechanical
(stvess, environment created by high—~pover-
denaity plasms, FW, and blanket operation, the
neutronice resvits?* from a wspecific high-
power-deusity FPC is given in Table 1l.. Thie
design also use a 20—wm-thick copper-alloy W,
vhich allows some {nferences to be made for
those compact reactors requiring "W rasistive
coils. A~afin, the comparisons snd
quantitative f{uformation given 4in Fige. 1-2
and Tables I1-111 ave intended to demonetrate
the "order-of -magnitude” differences between

the rompact ana more "conventional" spproaches

to fusion power rather than to emphasize
differences betveen specific conceptual
reactor designs.

3. MATERIALS ISSUES/NEEDS
The key materials 1{asues and needa for
fusion 1n general cen be 4ivided according to
the following thiee FPC subsystems:
@ In-vacuun Components (IVC)!
- firet wall
- limicer
- divertor
-~ colls
- anceanae
- windows (rf)
¢ Blanket/Shield (B/S)?
= brezder
- coolant

- structure

aultiplier

rcflector /moderator

tritiun barrier

ducts (rf, beams, fueling, vacuum,
coolants)
® Magnet Cotls (C)

~ conductor (superconductor versus
resistive)

-~ insulator (organic versus inorganic)

~ structure

- voolent (He(f) versus watar)

=~ kinds (TF, PF, OH, EF, active teedback,
passive shell)

In addition to comprehensive mataerials
needr assessments for these subsysters, ™%
general reviews of fusion materials needs are
available.2® The technology neeads for the
compact eystems have also baeen suumarized
recently.® No atteaspt is made here to repest
or to sumparize theee reviews and assessments.
Instead, based on the general system
differences and goals as outlined in Sec. .

and Table 11, ditferences in materials nesds



TABLE 1I. PLASMA, COSTING AND FPC PARAMETER COMPARISON BETWEFN

FUS100-POMKE-CORE (FPC) PERFORNANCE coranisons(s)

PAMVETER sTagrien!l  miiatddd caypml®
Gzoss thermsl pover, Pyy (ML) 4000 3241 338
Blanket esergy multiplicatiom, Ny 1.4 1.14 1.0
Thermal conversion efficlency, wy 0.3 0.37 0.35
Qecirculating pewer fraction, ¢ 0.1467 0.08 0.16
Plaa* effictieney, Ny " Sy C1-¢) 0.3 0.34 0.3
Net alectrical power, Py(iie) 1200. 4200. 1000,
Nom.nal B/% thicknese b(w) 1.3 52 0.60
Nominal cofl thicinwes, dc(m) 1.6 0.45
7PC voluse, Vppc(n?) 0110(6630)  8000(4401) 242
Piret-wall aree, A (n?) 700 e n2
FrC voluee/gurtace, Vpyo/A, 10.4(8.%0) 11.2¢6.15) 2.16
System minor vadius, .

ty = Vppe/2e8)1/2 (u) 1.68(6.70)  1.7.(5.77) 1.0
Plavma chasder voluma, Ypc(n?) 1106(930) 270(83) 42,
Firet-vall radius, 1 (=) 2.8 an 0.7%
TV neutron loading, 1, (W nevtron/e®) 3.6 32 1.8
Pover denstiey, Poy/Vepe (WNt/w?) 0.30(0.68)  0.A1(0.74) M.
TIC mave, Mypc (tonne) DIT/16A06 173300 1160

¢ /s 1374 4700 22y
¢ Shield 13360/4482 3630 —
® Cotls 0240 1 LY
Mass utilisation Mppc/Ppy (tonne/Mit) 3.7/4.1 5.3 0.40
TIC deneity, Mypc/Vppc (toune/n)) 2.88/204 247(3.94) 8.6
Area density, appelVppo/Apyl(tonse/n?; 29.7 0.0 121
7PC cost (K3) 440.1/363.3  719.1[473.9] A3

o /b 0.4 204.3(13.50) 148

o Shield 106.1/109.)  137.2{%0.3) -

® Colle 171, 377.4(248.8) 30.0
PPC untt cont, Cppc(h/kn) 19.0/22.0 ALS[27.3) 30
FIC volumetric cost, cypc(Mb/n?) 0.033/0.089  ©.16§0.21]  0.20

FPC mres coat, (VPC ent)/\,(u'ln’) 0.66/0.351 1.0010.48) 0.5
Cost Tigures of Merit

o ®PL/YDC 0.5%¢ 0.72 0.3
e FPC/TOC 9.20/0.21 0.2 0.04
e (FW/0)/t0C 0.050 0.047 0.017

(8lyalues 1n () based on toroldsl volume, othurvies volume of ceatrsl
colusn ncluded, values to right of / do mot imclude vacuum pumping
ducte and ports. Values in [) 8/ converslon in 1977 followed by §
tntletion frye 1977 to 1980; othervise the conversion/inflation srder
1o reverged.

“)Dou not inc'ude 33,000 toone irem cors.
(c)polotdsl €1414 st plesms edge.

between the mainline and the cowmpact
approaches are highlighted. Each of the three
FPC msjor subsystems listed above 1is treated
separately. Materials needs for subsystean
ouroide che FPC are expected to be similar for
all approaches and, therefore, are not

discussed.

PLASMA PEYSICH/ERGINE RING . ARAKTERS

ARAMETERS STARFINS! } !&lh" M"
Wajor radive, Ry(s) 7.¢ 6.7 3.7
Aspect ratie, A 3.6 3.3 5.3
Plasms elengatiom, ¢« 1.4 1.73 1.0
Plasme trisngularity, 4 [ ] 0. 0.
Average plosws miner redive, r'(n) 2.3 .5 071
Plasms velwme, ¥, (u?) ”m. 9. 7.7
Avarage beta, <P 0.067 0.092 0.20
Wagnetic field st plasma, B (T) 3.8 4.0 0.38(z.2)()
Safety fecter at lisfter, 3§ $.1 2.9 0.02
Plasus teroidal cervest, l.(lIA) 10.1 10.2 10.4
Plsons currant demsity, 1,/wr,2(Na/e’)  0.34 0.9 n.e
Average slectten tamperature, T (keV)  17.3 12.0 20.0
Avarage fon tempersture, Ty(Rev) 24.1 12.0 20.0
Average electrom density, l.(lO"/-') 0.81 1.%0 3.0
Average fusion pewer, I'(lll) 9510. 2992. 3138,
Avarage plases pover demafity, P,Iv' 4.49 3.60 83.2
Average meutrom PV loading, 1,(W/a?) 3.4 3.2 19.5
Bure-cime/off~tine - 20. »

20,
2.
2.

1.
2%
3.
26,

”.

FUSION POWER PLANT COST COMPARISON (NORMALIZZD TO TDC)

ACCOUNT FrARrIax!! prei?er? crmn’
Land and and land righte 0.19 - 0.3
Structure and site 20.09 12.48 19.33
Beoscter plant equipment (XFR) 96,00 72.04 36.04
2 .i.1 Pivet-well/blaskat (PW/B) 4.77 .64 1.711
22.1.1 Weld (8) 10.70 .47 -
22.1.3 Cetl (C) 9.9 12.% 3.9
C=/BeseC 25.48 23.43 .
Terbine plant equipment 14.47 10.08 253.49
Tleetric plant equipsent [ Th2) 3.29 14.02
Riscellanesus plant equipment 1.9 L. 4.04
Specisl weteriale 0.014 -— 0.029
Birect Costs (TDC) 100, 100. 100.
Tetal seate 10%.2 200.2¢ 173.00
Wait divect cost, UBC (§/kVe) 13 2336(10051¢0) 04y
Coet of alectrieity, COR(aille/kWe) $7.0 - 40.7
Wot electric power, Py(We) 1200 1200 1000

3.1 1In-Vacuum Components (1IVC)

Table 111 gives the neutronics reasponse of
a "typical" high-heat=-flux IVC (i.e., FW) to &
fusion neutror FW losding, 1,(MW/m?). Since
1, typically will be 3-5 timas greater for the
compact reactor (L, = 15-20 MW/a2, and aven
higher for the Riggatron), the vradiative/
conductive/convective energy fluxes emanating
from the ignited DT plasms, IQw < 1'/6. will
be correspondingly increaced for similar




TABLE 1I1. NEUTRONIC RESULTS FROM
A "CANONICAL" COMPACT REACTOR FPC
WITH FW NEUTRON LOADING I, (MW/m?)
® First-wall (copper/HZO)
14.1-MeV neutron current, J, (n/m? s) =
4.43(10) 171,
Neutron flux, ¢,(n/m?s) = 4.43(10) 181,
Total full power year fluence, ¢t (n/m2) =
1.40(10) 261,
Radiation dose rate, R(rad/s)
Neutrons, R (rads/s} = 8.2(10)“1"
Gaums rays, R,(rsds/s) = 1.3(10)°I,
dpa/yr = 111,
Heliun appm/yr = 311,
Hydrogen appm/yr = 831,
Average transmutation rates
Nickel (X/yr) = °’l31w
Zinc (R/yr) = 0.111,
Heat flux, IQH (MW/m?) < Ly/4
Average power density, Q, (MW/m3) = 10L,
® Blanket (4b = 0.6 m, L1-Pb/B,C/W)
Peak power density, QB(HH/m3) = 131,
Average power density, <Qp> (MW/m3) = l.41,
Average dpa/yr = 2.3L,
Average helium appm/yr = 26,71,
Average hydrogen appm/yr = 7.71
® Exo-blanket coil (copper/H,()
Peak neutron flux, ¢.(n/m? s) = 3.4(10) 181,
Radiation dose rate, R(rad/s)
Neutrons, R (rads/s) = 1.2(10)2,
Gamma rays, R.(rade/s) = 1.10(10)31,
Peak dpa/yr = 0.0631, ,
Peak helium appm/yr = 0.0271,
Peak hydrogen appm/yr = 0,131,
Average transmutation rates
Nickel (X/yr) = 1.1(10)73%1,
Zinc (¥/yr) = 0.5(10)7 31,
Pesk power density, Q. (MW/m?) = 0.11,

plasna conditione ({.e., profiles, edge-plarma
parameters, afc.). The power part (on

between particles versus photons, as well as

the split of euch between FW, limiter, and/or
divertor, represents a crucial uncertainty for
all fusion devices. The major materials
questions for the IVCs are:

@ Removal of both surface (< 1,/4 Mi/m?)
and vclumetric (~10I, MW/m3) heat loads
within acceptable temperature, stress,
and critical-heat-flux 1limits, (i.e.,
need for waterials with high thermal
conductivity and high thermal astress
parameter, M).

® Sputter erosion and redeposition rates
for FW and limiter surfaces.

® Long-term (swelling, creep, embrittle-
ment, alloy charges, etc.) and short-term
(thermal conductivity changes, hydrogen
permeation and recycle, etc.) radiation

effects.

Two limiting cases of uniform heat deposition
onto IVCs can be envisaged: a) all eneryy is
incideut as radiation from a high-zeff plasma
edge or, b) all energy 1is convected to IVC
surfaces by charge-exchange neutrals and edge-
plarma particles. If all energy shed by the
plasma appears as a uniform heat load, then
IVC structural alloys with thermal transport
properties that are better than stainless
steel will be required for the compact reactor
options. Figure 3 gives the thermal stress
paraneter M = 20y(l-v}/cE = IQ:G as a function
of FW temperature; M measures the heat flux,
IQ:. thirough & material of thickness & that
will cause yielding by the resulting thermal
stress. For the copper-alloy and stainless-
steel materials "extrema', Fig. 4 gives the
dependence of IQ" allowed for a pressurized-
water-cooled tube of thickneas § {f the sum of
the primary (pressure) and secondary (thermal)
stress 1is maintained at the indicated
fraction, o/oy, of the yield stress;
coastraints relevant to elastic-plastic
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FIGURE 3

Thermal stress parameter as & function of
temperature for a range of poteatial IVC
metals.

limits, thermal ratchetting, &nd fatigue-creep
limits, can seimilarly be applied to Fig. 4.
The copper alloy achieves a superior
performance at a lower operating temperature,
which will degrade somewhat tlie overall
therms®' performance to an extent determined by
the fraction of the fusion energy appearing in
the IVC coolant circuit, This {mportant
tradeoff between high-heat-flux opsration,
decreased FPC cost, and derated system
performance remainse to be comprehensively
assessed in trerms of a COE figure-of-merit.

Indications are, however, that the pignificant
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Dependence of wmaximum heat flux, Iy, = I,/4,
allowed onto & FW coolant tube of ithickness &
and cooled with pressurized water for a given
primary plus secondary stress level, o, for
both stainless steel and copper alloy under
the conditions indicated,

reduction in UDC accompanying the compact
option reduces the COE to an extent that
exceeds the increase aswociated with a
potentially lower aystem performance (i.e.,
reduced plant efficiency, increased recir-
culating power fraction, and decreased plant
factor).

1f all the erergy rejected by the plasma,
on the other hand, {s deposited uniformly as
energetic particles with an energy, Tg,
characteristic of the plasma edge, a particle
flux  of  4.2(10)21/1g1y, [~1.4(10)2?
particles/m? s  for ™ v 5 MW/m?  and



Tg = 150 eV] would Tesult. Por a DT
sputtering yield of ~0.02 and a FV atomic
density of ~8(10)28 stoms/m® (stainless
steel), gross erosion rates of 21 z/yr would
result, even 1f gelf-sputtering and don
acceleration through electrostatic sheathe
were neglected. This problem is worsened if
particle and energy fluxes are concentrated
anto the 1IVC surfaces by limiter and/or
divertor action. The degree to which this
problem will hinder the develupment of fusion
depends on poorly understood edge-plasma
processes that are generic to magnetic fusion
and not uniquely a compact reactor issue.
Potential solutions to this problem are:

o QOperate with edge-plasma temperatures
below the sputtering threshold (< 50 eV).

® Operate with edge-plasma temperature that
are well above the sputtering-yield
maximum () 1000 eV).

» Establish a  high-Z radiating plasma
mantle without having the FW supply the
high-Z wmaterfsl through ls:ge sputtering
rates.

o Design for large gross sputtering rates,
but assure a nil net erosion rate through
careful control of redeposition distri-
bution.

From the viewpoint of FW survivsbility,
these problems are not unigue to or more
severe for the compact reactors. Aside from
differences in basic plasma processes that may
result when differences of ~3-4 in average
plaswa density (Table I1) are taken into
account, the ratio of particle flux to neutron
current incident onto & FW from an igrnited DT
plasma should ba eimilar for both systems,
thereby decoupling somewhat the FW erosion
problem from the issue of device compactness;
the compact, FPC simply achieves both {ite
neutron (dpa) and ernsion (mm) litetime

"fluence" in an expected shorter chronological
lifetime, but only after generating a similar
total quantity of fusion energy for nominally
8 similar expenditure of FW/B mass. Issues
that relate specifically to device compactness
and the expec'sd higher erosion rates,
however, are:

® can the compact reactor plasma survive a
potentially higher recycle rate and
schieve and/or remain ignited?

e depending on the heat load under which
any IVC surface must function, the use of
thick-walled “ubes with an erosion margin
designed to extend the sputtering life is
generally less attractive for the compact
systems because of the higher heat fluxes
(Fig. 4).

An estimate of the effects of neutron
irradiation on a copper-elloy FW, and possibly
on inorganic electrical insulation 1f FW coils
or electrical breaks are required, has been
summarized in Ref. B8 and more recently for
the FW copper-coil insert proposed for MARS,26
Transmutation-iaduced resistivity increases in
the FW copper conductor (Table 1II) and the
dimensional stadility of both the copper alloy
and the proposed Mgl or MgAlzok insulation?’
are key concerns for a FW "coil", whether
actively driven (i.e., TF coil in Riggatron,
H-coil in OHTE) or a passive corducting ahell
needed to stabilirzed short-iave length plasma
MHD modes. Perkins?® also points out that for
sufficiently high voltages (> 700 V) and
instantaneous radiation dose rates () 104 Gy/s
~ 10% rad/s), thermzl runaway through Joule
heating can be potentially destructive to
electrical insulators; these conditions
generally apply near the FW and for relatively
high-field, actively driven coils.



A increasse of the electrical resistivity by
radiation and transmutation effects 18 also
sccompanied by a decrezase in the thermal
conductivity in metals, since both current and
heat are carried by electrons. A high-heat-
flux FW, therefore, must be designed to
operate with increased thermal stress towards
the end of 1ife, although thinning of the ¥W
by sputter erosion, if sllowed, will tend to
counteract the effects of decreased thermal
conductivity on the FW stress. If the
initially unirradiated material i{s a solution
strengthened copper allcy, however, the
decreased electrical and thermal
condyctivities caused by alloy additions can
mask the efrects of tranamutation product (N{i,
Zn) buildup. Although some 1information on
radiation-induced swelling exinats for
candidate {inorganic insulators, similar data
for copper alloy are not available at present;
fission reactor irradiations of relevant
alloys, however, are .'n progress.2? Age-
hardened copper elloys, such as MZC may over-
age or the alloying element may dissolve under
irradiation; generally,?? digperaion hardened
alloys may exhibit greater radiation stability
in this respect. It is noted that procedures
for radiation harlening against high-energy
neutrons of steering magnecs for the LAMPF3?
&nd the quadrupole beam transport magnets for
FMIT3! have developed fabrication methods that
are directly applicable to the ccmpact fusion
Teactors (co-extruded Cu/Mg0 co-axial
conductors with internel water cooling); the
radiation fields and 1ifetime fluences for
these accelerator applications fall short of
fusion FW conditions, however. Lastly, the
requirements of the FW coll proposed for the
MARS design3? will satisfy the needs for most
compact fusion systems. Generally, the need
and potentially high payoff for high-heat.-flux
alloys in most IVC applications and the role

that ouch alloys mey play in shaping the
fusion end product has only recently been
recognized.33,34

3.2. Blanket/Shield (B/S)

The B/S thickness for the compact reactor
approaches is reduced to the minimum required
for adequate tritium breeding and thermal
energy recovery. The ainimun~thickness
(optimized) B/S, when coupled with the
increased FW loading, achieves at least an
order of magnitude incresse in FPC power
density, and a considerable reduction in total
cost, as well as prﬁviding options for
appreciably different installation and
maintenance schemes bhecause of reduced FPC
mass (Table 1I). Ma~net sghielding in the
usual sense 18 not envisaged; instead a thin
(0.05-0.10 m) outer region of the 0.5-0.6-m-
thick blanket may contain a mixture of B,C and
a dense, high-Z weterial operated at <ihe
blanket temp:rature and cooled by the primary
blanket zcolant.

Yor FW neutror loadings in the 15-20 MwW/m?
range, the local blanket power density becomes
comparat'e with that in the core c¢f an LIWR
(> 200 MWt/m3), with the average blanxect power
density being in the range 306-50 Mwt/ad. At
the peak and average power denasities envisaged
for the compact reactors, ceram:c breeders
cooled by pressurized helium gas or water
become less attractive. Because of the 1low
lithium 4inventory, reduced fire hazard, and
unique combination of breeder/coolant/
multiplier functions, the low-melting (235°C)
lead-1ithium eutectic, Pb83L117 (referred to
hereinsfter as PbLL1), has become a popular
choice for high-power-density blankcts.?35-37

Confinement sy*~‘ems with magnetic
tupologies that require liquid-metal coolant
to flcw across magnetic fields37:38 gmay be
forced either %o coat cooient ducts with
electrical insulators3® or to reduce the MHD



pressure drop simply by limiting the coolant
flow velocity and thersby limit the FW neutron
loading. Y6 The high power density for the
PbLi-cooled CRFPR blanket,’*37 however, can be
acnieved with minimal pumping powsr without
recourse to the use of eloctrically insulated
coolant ducts because of the unique, low-field
poloidal magnetic topology that characterizes
that system. The materials problems relsted
to corrosion (particularly for ceramic
coatings), tritium recovery, and tritium
barriers for the compact reactors remain
similar to those for other systems using
similar blankets. The acceleration of stress
corrosion cracking by the addition of snalil
amounts of water to these liquid-metal systeme
remaine as a particularly critical concern.

Although rf and neutral-beam ducts ar« mnot
envigsaged for the compact systums so far
considered, the task of manifolding and
(vacuum) ducting appears to be more exacting.
Since the gassous (DT, He impurities) and
coolant throughputs will in wagnitude remain
unchanged for any fusion power plant of
similar power rating, the reduction of the FPC
volume by at least an order of wmagnitude
results in ducting and manifolding to reglons
outside the FPC becoming s more dozinant parc
of the PFPC '"real estate"; FFC design inte-
gration for the compact systems becomes & moras
challenging exercise.3?

Laatly, eavan for the topologically
favorsble RFP, the MHD presrure drop needed to
~rovide adequsate cooling by a liquid metal to
the high-heat-flux, high-pover-dunsity FVW
region can  aeasily require excessive WMID
pumping power. Either a ceramic coating of
the MW coolant channels or a separste
pressurized-water coolant circuit will  be
required. The problems that attend the use of
pressurized~water cooling, even in conjunction
with the chemically less reactive POLY,

Ppresents some  concern. The need to
ir.olate/insulate
temperature FW coolant circuit from the

thermally the lower-

higher-temperature blanket coolant circuit in
order to minimire the backflow of Ligh-quality
blanket heat into the lower-quality FW heat,
hovever, naturally results in a double, if not
triple, containment of the pressurized-water
coolant circuit from the liquid-metal circuit.
3.3. Magnet Coils

Most compact reactor embodiments considered
to date epecify water-cooled copper coils
located either at or near the FW, outside the
thin (0.5-0.6 =) high-power~dansity blanket,
or both (e.p., main coils outsiie the blanket,
feedback or current-drive coils within the
blanket or at the FW). 1In ejther case,
radiation~resistant 4inc zanic aelectrical in-
sulation wil® be required. fither imsulator
coatinga would be plasms-sprayed onto
preformed copper conductors, or a powdered
insulation (i.a , Mg0 or HaAlzoa) would be co-
axtruded with conductor and coolant tube, the
latter method being used in the fabrication of
radiation-havdened coils for wuse in high-
energy particle s~celerators.30:3) yUnder more
seavere conditions, the M coil requirement
should be sinilar to the requirements
envisaged for the MARS  hybrid wmaget
insert,26+32 or for tne less ..overe “nkamak
conditions snticipated at the in-blanket
equilibrium-field coils.

The 4issue of coil radiation 1life ¢ poorly
resolvad by the axisting data base, but under
the conditions listed on Table II1, a coil at
the FVW location exposed to a neutron loading
of I, = W MW/m?2 would sustain an MgAl,0,
awelling rate of 11 volume percent per vyear
and a (peak) copper cnnductor resistivity
increase of 100-200X per year. It is noted
rhat the ewelling and mechanicel degradation
in cuble ceramics 1lika Mg0 or MgAl,0,



considerably lass than axiasyumetric ceramics
(i.e., hexagonal A1203),27 and that the in-
creased rvesistivity in 300-400 K copper is
related to the transmuted alloy additions
rather than 4intiinsic point-defects. Even
under fresh startup condirions, a FW coll can
significantly reduce the ovrrall plant
efficiency for both the OHRTE!® and  the
Riggutron’o resctors; operational lifetimes of
only a few months are predicted for I, ~ 20
MW/z2. A strong incentive exists, therefore,
to locate these coils outside the FW zone and
behind at least ) 0.l-u of blanket. As shown
ir Table I1I, interposition of a 0.6-m-thick
PbLi blanket reduces the rate of insvlator
swelling aud conductor resistivity incirease dy
over two orders of wmsgnituds. BSuch a co’l
could possibly outlive the FW/B and could  be
Tecycled. Generally, howevar, the incepiive
to move the coil outside the blanket {is not
driven by considerations or lifetime and the
desire to reduce masw usage (i.e., operatirg
cost), but fnstead by the need to: a) impvove
the overall plant thermsl efficiency, eince
the FW coil would operate at a thewve-
dynamically uninteresting temperature, b») to
ease the breeding of tritium, although a few
10s of millimeteres of copper has & net banefit
on tritium breeding because of neutron multi-
plication, and c) to relieve the overall FrC
~ongestion related to electrical/hydraulic/
thermodynanic/tritium-recovery functions. Gen-
erally, the engineering development needs from
both a systems and s materials viawpoint, even
for the high-field FW magnets,1?120 ghould be
eanier and less costly than for the large
superconducting magnet Adesigns. Lastly, a po-
tentia’'ly weignificant advantage of compact
systems 1is the facilitated use of efficient
(1.e., reduced stored energy, currents, and
forces) magnetic divertors because of the

close proximity of magnrt coils to the plasma,

an option available only when thin-blankated,
copper-coiled compact systems are considered.

4. SUMMAKY AND CONCLUSIONS

Significant {wprovements 4in both the
operational and economir prospects for fusion
power ar: pronised for aystems with power
densities an order of magnitude above present
projections. These compact reactors will
require wmrterials that 4in some sress differ
from the mainline approaches.

The greatest need for materials development
rests with the high-heat-flux IVCs (W,
limiters, divertors). Given that IVCs can be
dagigned and operated with 45 MW/cZ heat
fluxes, the criticsl areas reduce to the
partition of radiation versus perticle flux
incident upon IVC surfaces, the associated
sputter erosion rate, the reposition processss
{location and integrity), and the dmpact on
the overall plasms performance of potentially
large transfers of 4impurities around the
system. The ptodlems related tu sputter
erosion, however, in magnitude and %ind, ere
not unique to compact reactors, Although
sputtering rates ave expected to be increased
for the compact systems, givan eimilsr plasma
and edge-plasma physics, the amount of FW
sputtered per neutron fluence (wa/(MW yr/m?)]
should be 1indapendent of the concept and
simply becomes a matter of "fluence".

Hence, the potentially unique materials
problems for compact systems are related to
the need to understand snd control the bulk
wechenical radiation damage properties of the
nav TV matarials (copper, venadium, molybdenun
alloys) requirsd ton dea]l with the 4increased
heat fluxes. ERven then, such materials may be
used in punped limiters ind/or divertor plates
for the larger supercotnducting fusion systems.



The compact reactor option narrows the many
B/S choices 1listed 1in Ref.
concepts thrt can operate at local and average

2 to a fevw

power densities considered economically
necessary for other nuclear power systems
(Pig. 1). The magnet development required to
produce relatively small, radiation~hardened
resistive coils appears to be wvell
advarced,39:31 glbeit on & reduced scale.
Hence, for both B/S and wmagnet areas, the
matarials requiremente for the compact options
sppear no more difficult, ard in many respects
easier, than the mainline program needs.

In suomary, all wmaterials issues for
compact reactors are being or can be addressed
within the mainline program. A new emphasis,
however, wmust be placed on understanding,
creep. fatigue, fatigue-creep interaction,
alloy stability, coolant-alloy interaction,
etc. for these nev high-heat-flux systexs.
It 1 {r this classical area ¢f materials and
applied to 1IVC

surfaces, that major strzides can be wmade 1in

syutems  sngineering, as
adv. .ng fusion as a truly competitive energy
source.

ACRONYMS

R/S DBlaaket and Shield

COE Cost of Eluctricity ‘mills/kWeh)

YPC Fusion Power Core (FW, B/S, and coils)

IVC In-Vacuum Components (FW, limiter,
divertora, aetc).

N First Wall

ADC Total Direct Cost

RPE  Rea:tor Plant Equipment (Account 22) cost

UDC Unit Direct Cost ($/kWe)

TFC Toroidal~Field Coil

YFC Luloidal-Pield Coil

OHC Ohmic~Resting Coil

EFC Equilibrium-Field Coil
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